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Search for pair-produced heavy quarks decaying to Wq 
in the two-lepton channel at ^/s = 7 TeV with the ATLAS detector 

The ATLAS Collaboration 

A search is presented for heavy-quark pair production (QQ) under the decay hypothesis QQ — >■ 
qW~ q with q — u,d,c,s,b. The search is performed with 1.04 fb~^ of integrated luminosity 
from pp collisions at ^/s — 7 TeV collected by the ATLAS detector at the CERN LHC. Dilepton 
final states are selected, requiring large missing transverse momentum and at least two jets. Mass 
reconstruction of heavy quark candidates is performed by assuming that the W boson decay products 
are nearly coUinear. The data are in agreement with Standard Model expectations; a heavy quark 
with mass less than 350 GeV is excluded at 95% confidence level. 

PACS numbers: 12.60.-i, 13.85.Rm, 14.65.-q, 14.65.Jk, 14.80.-j 



The addition of one or more heavy quarks is a natural 
extension to the Standard Model, capable of providing 
an additional source of CP violation in Bg decays and 
accommodating a heavy Higgs boson [1, 2]. Searches 
for heavy quarks with the Collider Detector at Fermi- 
lab (CDF) constrain the mass of heavy quarks (Q) that 
decay as Q — > Wq, where q — u, d, c, s or b, to be 
ruQ > 340 GeV [3] . More specific searches have also con- 
strained the mass of up-type heavy quarks (u^) that de- 
cay as U4 — >■ Wb to be > 358 GeV [3] and the mass 
of down- type heavy quarks (^4) decaying via d4 — Wt 
to be > 372 GeV [4]. The DO experiment at Fermi- 
lab has set a mass limit of toq > 285 GeV [5] on heavy 
quarks that decay as Q — > Wq. All previous searches 
used the "lepton-|-jets" channel, where only one of the 
produced W bosons decays hadronically. 

In this Article, a search is presented for pair produc- 
tion of a heavy quark (QQ) in data corresponding to an 
integrated luminosity of 1.04 fb^^ from proton-proton 
collisions at -^/s = 7 TeV collected by the ATLAS exper- 
iment. The heavy quark is assumed to decay via Q — >■ Wq 
where q = d, c, s or b. The search is performed in the 
dilepton channel, where both W bosons decay leptoni- 
cally. Fourth- generation up-type quarks (U4) decaying 
through weak charged currents are used as a benchmark. 

The dileptonic final state arises in a way similar to that 
of pair-produced top quarks: QQ — >■ £'^i>q£~Dq, where £ 
is either e or /x. Leptonically-decaying intermediary r 
leptons are able to contribute to this final state if addi- 
tional neutrinos are considered. The signature is at least 
two jets, two oppositely charged leptons, and missing 
transverse momentum (EJ^^^^) from undetected neutri- 
nos. Top quark pair production is the dominant source 
of background. To distinguish a potential heavy-quark 
signal, heavy-quark mass reconstruction is performed by 
taking advantage of the larger boost each W boson re- 
ceives from the decay of a heavy quark compared to the 
decay of a top quark. This large boost makes each unde- 
tected neutrino approximately coUinear with an observed 
charged lepton. 

The following sections contain descriptions of the 
ATLAS detector (Section I), simulated samples (Sec- 



tion II), object reconstruction (Section III), baseline 
event selection (Section IV), data-driven background 
estimates (Section V), mass reconstruction strategy 
(Section VI), vahdation of background modeling (Sec- 
tion VII), final event selection (Section VIII), binned 
maximum-likelihood ratio fit using the reconstructed 
mass (Section IX and Section X), and final results (Sec- 
tion XI). 

I. THE ATLAS DETECTOR 

The ATLAS detector [6] is a multi-purpose particle 
detector with precision trackers, calorimeters and muon 
spectrometers. The momenta of charged particles with 
pseudorapidity \r]\ < 2.5^ are measured by the inner de- 
tector (ID), which is a combination of silicon pixels, sili- 
con microstrips and a straw-tube tracker. The ID oper- 
ates in a uniform 2 T axial magnetic field produced by 
a superconducting solenoid. The pixel detector measure- 
ments enable precise determination of production ver- 
tices. 

Electromagnetic (EM) calorimetry for electron and 
photon reconstruction is provided by a high-granularity, 
three layer liquid argon (LAr) sampling calorimeter with 
lead absorbers in the region I77I < 3.2. A presamplcr is 
used to correct for energy lost by electrons and pho- 
tons in material in front of the calorimeter for \r]\ < 1.8. 
Hadronic calorimetry for |?7| < 1.7 is provided by a scin- 
tillating tile sampling calorimeter with steel absorbers, 
and for 1.5 < I77I < 3.2 it is provided by a LAr sampling 
calorimeter with copper-plate absorbers. 



^ ATLAS uses a right-handed coordinate system with its origin at 
the nominal interaction point (IP) in the center of the detector 
and the 2-axis along the beam pipe. The x-axis points from the 
IP to the center of the Large Hadron Collider (LHC) ring and 
the y-axis points upward. Cylindrical coordinates (r, </)) are used 
in the transverse plane, 4> being the azimuthal angle around the 
beam pipe. The pseudorapidity is defined in terms of the polar 
angle 6 as r] = — lntan(9/2). 
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Muons are detected with a multi-system muon spec- 
trometer (MS). Precision measurements in the 77 coordi- 
nate are provided by monitored drift tubes for \r]\ < 2.7. 
These are supplemented by cathode-strip chambers mea- 
suring both the 77 and azimuth {(/)) coordinates for 
2.0 < \r]\ < 2.7. Fast measurements required for initi- 
ating trigger logic are provided by resistive-plate cham- 
bers for 1 77! < 1.05 and then by thin-gap chambers for 
1.05 < |?7| < 2.4. The muon detectors operate in a non- 
uniform toroidal magnetic field generated by a supercon- 
ducting air-core magnet system. 

The ATLAS detector uses a three-level trigger sys- 
tem to select events for offline analysis. For this search, 
events are required to have at least one lepton satis- 
fying trigger requirements. Electron trigger candidates 
must have transverse energy i?x > 20 GeV, must sat- 
isfy shower-shape requirements [7] and must have an ID 
track matched to the EM shower. Muon trigger candi- 
dates must have transverse momentum > 18 GeV and 
matching tracks in the ID and MS. 



II. SIMULATED SIGNAL AND BACKGROUND 
SAMPLES 

Simulated samples are used to evaluate the contribu- 
tions from the QQ signal (assuming an up-type heavy 
quark) and most background processes. Unless other- 
wise noted, all events are showered and hadronized with 
HERWIG v6.5 [8, 9], using jimmy [10] for the underly- 
ing event model. After event generation, all samples are 
processed with the GEANT4-based [11] simulation of the 
ATLAS detector [12] and subject to the same reconstruc- 
tion algorithms as the data. 

The CERN LHC instantaneous luminosity varied 
during data-taking from about 2 x 10'^^ cm~^s~^ to 
1 X lO'^'^ cm^^s^^ [13, 14]. At maximum luminosity an 
average of five proton-proton (pp) interactions were su- 
perimposed in each bunch crossing. This pileup back- 
ground produces additional activity in the detector, af- 
fecting variables such as jet reconstruction and isolation 
energies. Monte Carlo (MC) events simulate the pileup 
background by adding minimum bias events on top of the 
hard scatter. The MC events are later reweighted such 
that the simulated instantaneous luminosity distribution 
matches that in data. 



A. Heavy-quark pair production 

Production and decay of heavy-quark pairs (QQ) is 
modeled with the leading-order (LO) generator pythia 
6.421 [15] using MRST 2007 LO* [16] parton distribu- 
tion functions (PDFs). The production cross-section is 
calculated using hathor [17] with approximate next- 
to-next-to-leading-order (NNLO) QCD calculations with 
CTEQ6.6 PDFs [18] for several heavy-quark masses 
(ttiq). In addition, scale uncertainties are evaluated in 



the range mQ/2 to 2 x mq and PDF uncertainties are cal- 
culated from the CTEQ6.6 error eigenvectors. The cross- 
sections and uncertainties for each heavy-quark mass con- 
sidered in this analysis are shown in Table I. 

TABLE I. NNLO cross-sections, scale uncertainties and PDF 
uncertainties calculated using HATHOR for QQ production in 
= 7 TeV pp collisions with CTEQ6.6 PDFs for diflterent 
heavy-quark mass assumptions. Other uncertainties related 
to the cross-sections are neglected. The la uncertainties are 
each represented by A. 
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Scale A 


PDF A 


(GeV) (pb) 


(pb) 


(pb) 


300 


8.0 


+0.2 


+1.0 






-0.5 


-0.8 


350 


3.2 


+0.1 


+0.4 






-0.2 


-0.4 


400 


1.4 


+0.1 


+0.2 






-0.1 


-0.2 


450 


0.68 


+0.02 


+0.11 






-0.04 


-0.09 


500 


0.34 


+0.01 


+0.06 






-0.02 


-0.04 



B. Top quark pair production 

The background due to ti production is modeled us- 
ing the next-to-leading-order (NLO) generator mc@nlo 
v3.41 [19] with an assumed top quark mass of 172.5 GeV 
and the NLO PDF set CTEQ6.6. The cross-section for 
tt production is normalized to the value obtained from 
an approximate NNLO calculation [17]. 



C. Z boson, diboson and single-top quark 
production 

The background from Z/j* boson production in asso- 
ciation with jets is modeled with the LO generator ALP- 
GEN v2.13 [20]. The LO PDF set CTEQ6.1 [18] is used 
to generate Z/7*+jets events with dilepton invariant 
mass mu > 10 GeV. For WW, WZ and ZZ production, 
events are generated with the LO generator herwig v6.5 
and the LO PDF set CTEQ6.1. For the smaU background 
from single-top production, mc@nlo is used with the 
NLO PDF set CTEQ6.6, invoking the diagram removal 
scheme [21, 22] to remove overlaps between the single- 
top and tt final states. The cross-sections for Z/7*+jets 
samples are determined using NNLO inclusive calcula- 
tions from FEWZ [23, 24] and from a data-driven tech- 
nique where possible, while the cross-sections for dibo- 
son samples are determined using NLO calculations with 
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MC@NLO. The cross-sections for single-top samples are 
normalized to an approximate NNLO prediction [25, 26]. 



III. OBJECT SELECTION 

Electrons are found by a calorimeter-seeded recon- 
struction algorithm and must have a track that matches 
an energy deposit in the calorimeter. They are re- 
quired to satisfy -Eciustcr/ cosh(77ti.ack) > 25 GeV, where 
-E'ciustcr is the energy deposited in the calorimeter clus- 
ter and Tjtrack IS the pseudorapidity of the matching 
track. Electrons are required to be in a pseudorapid- 
ity range |r/ciustci | < 2.47, excluding the transition region 
1.37 < |77ciustcr| < 1-52 between the EM calorimeter bar- 
rel and endcap. They must also satisfy a calorimeter 
isolation I^ai < 3.5 GeV requirement in AR < 0.2, where 
AR — (Ary)^ -I- (A^)^. Calorimeter isolation is defined 
as the energy reconstructed within a cone of a certain 
radius around the lepton that is not associated with that 
lepton, and it is represented by /cai. The calorimeter 
shower shape is required to closely resemble what is ex- 
pected for electrons [7]. 

Jets are reconstructed from topological clusters of en- 
ergy deposits in the calorimeter [27] using the anti- 
fct algorithm with distance parameter i? = 0.4 [28, 29]. 
These jets are calibrated to the hadronic energy scale us- 
ing a correction factor obtained from simulation which 
depends on px and 77 [30] They are required to sat- 
isfy pt > 25 GeV and \r]\ < 2.5. Jets that fall within 
AR < 0.2 of accepted electrons are rejected. 

Muons are found by requiring that a track recon- 
structed in the MS has a matching track in the ID. A 
loose cosmic ray rejection is applied by removing all muon 
pairs that are back-to-back azimuthally {A(j){iJ, fi') > 3.1) 
and whose transverse impact parameter with respect 
to the beam line is greater than 0.5 mm. Muon can- 
didates must satisfy px > 20 GeV and \rj\ < 2.5. The 
muon must be isolated, satisfying calorimeter isola- 
tion /cai < 4 GeV in AR < 0.3 and tracking isolation 
^trk < 4 GeV in AR < 0.3. Tracking isolation is defined 
as the sum of track momenta within a cone of a certain 
radius around the lepton vertex, and it is represented by 
/trk- The muon must also not fall within AR < 0.4 of 
any jet with px > 20 GeV. 

The missing transverse momentum (i?™'^*^) is con- 
structed from the vector sum of calorimeter topological 
cluster energies projected onto the transverse plane [31]. 
Deposits not associated to a jet are calibrated at the EM 
energy scale. Deposits associated with selected jets con- 
tribute at the corrected hadronic energy scale. The con- 
tribution from muon energy deposits is included in E^^^^ 
after a correction for the muon contribution to calorime- 
ter energy deposits. 



IV. BASELINE EVENT SELECTION 

The QQ pair decay yields two charged leptons, two 
jets and missing transverse momentum from the unde- 
tected neutrinos. An initial dilepton selection is applied 
to validate the modeling of the Z/j* boson production 
background as well as the identification of leptons, recon- 
struction of jets and measurement of missing transverse 
momentum. 

The initial dilepton selection [32, 33] first requires that 
an event contains a high-quality reconstructed primary 
vertex. The event must also have exactly two leptons (e 
or fj.) with opposite charges, at least one of which must be 
associated with the object that triggered the event. The 
two leptons must not share a track in the ID. At this 
stage, the data sample is dominated by Z/^* — )■ ££ de- 
cays (the Drell-Yan process), although the contribution 
from tt production is evident at large jet multiplicity, as 
can be seen in Figures 1 and 2. These figures show good 
agreement between the data and background expecta- 
tion. 

To reduce the background from Z/j* — ££ decays, the 
baseline selection requires: 

• All events must have at least two jets, each with 
PT > 25 GeV and \tj\ < 2.5; 

• Same-flavor events (ee and fifi) must satisfy 
a missing transverse momentum requirement, 
E^'^^ > 60 GeV; 

• The dilepton invariant mass of same-fiavor events 
(ee and mi) must be greater than 15 GeV and must 
fall outside a window around the Z boson mass, 
defined as 81 GeV < to« < 101 GeV; 

• In different-flavor events (e/i), H^, defined as the 
scalar sum of E^ from every lepton and jet passing 
the object selection criteria, must exceed 130 GeV^. 

V. DATA-DRIVEN ESTIMATES 

A. Drell-Yan events 

The total number of Drell-Yan ee and ^/i events re- 
maining after the baseline selection has been applied is 
estimated with a data-driven technique that extrapolates 
from a control region (CR) [34]. Events in the CR have 
dilepton invariant mass in the range 81 GeV - 101 GeV 
with at least two jets and iS™''''' > 30 GeV. The number 
of data events in the control region, Data(CR), and MC 
Z/7*-|-jets events in the control region, MCdy(CR), are 
used to scale the prediction of Z/7*-|-jets events in the 



^ The Ht requirement reduces the — ^ tt background, where 
an i?™"^*^ cut is insufficient due to the presence of neutrinos. 
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(c) 

FIG. 1. Jet multiplicity after initial dilepton selection in (a) 
ee, (b) fifj., and (c) channels. The shaded region indicates 
the magnitude of cross-section and luminosity uncertainties. 
Samples are stacked in the same order as they are presented in 
the legend, from left to right; the first entry in the legend is at 
the bottom of the stack. The data-driven Drell-Yan estimate 
defined in Section V A has not been applied here. 




mJGeV] 

(c) 

FIG. 2. Dilepton mass after initial dilepton selection in (a) ee, 
(b) fifj., and (c) e/i channels. The shaded region indicates the 
magnitude of cross-section and luminosity uncertainties. The 
last bin contains overflow events, and the first bin contains 
underflow events. Samples are stacked in the same order as 
they are presented in the legend, from left to right; the first 
entry in the legend is at the bottom of the stack. The data- 
driven Drell-Yan estimate defined in Section V A has not been 
applied here. 
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signal region, MCdy- Non-Z/7* background processes 
in the control region, MCother(CR), are subtracted from 
the data using MC predictions. The estimated number 
of Z/7*+jets events in the signal region, Ndy, in the ee 
and ^/i channels is calculated with Equation 1: 



.r (Data(CR) - MCothcr(CR)) 
^ MCdy(CR) 



B. Fake lepton events 

A small fraction of the background consists of events 
in which a jet or a non-prompt lepton is misidentified 
as a prompt lepton from W boson decay. Prompt lep- 
tons and misidentified non-prompt leptons are referred 
to as real and fake leptons, respectively. Fake muons 
are predominantly produced from semi-leptonic 6 or c 
quark decays in which the muon passes the isolation re- 
quirements despite being produced in association with a 
jet. There are three principal mechanisms for producing 
fake electrons: heavy-flavor decay, light flavor jets with a 
leading tt^ overlapping with a reconstructed track from a 
charged particle, and asymmetric conversion of photons 
into e+e^. The largest source of events with fake leptons 
is W boson production with associated jets, including 
lepton plus jets decays of top quark pairs. 

A matrix method [33] is used to estimate the fraction 
of the sample that comes from fake lepton events. A 
looser lepton selection is defined, and the number of ob- 
served dilepton events with two tight leptons {Ntt), one 
loose and one tight lepton (A^tl, A^lt'^) or two loose lep- 
tons (A^ll) is counted. Tight leptons pass the selection 
criteria defined in Section III. Loose electrons need to 
pass the same selections as the electrons defined in Sec- 
tion III except for looser shower shape and calorimeter 
isolation requirements [7]. Loose muons only need to 
satisfy pt > 20 GeV, \r]\ < 2.5 and the muon-jet overlap 
requirements defined in Section III. 

The probabilities for real and fake leptons that pass the 
loose identification criteria to also pass the tight criteria 
are defined as ri and fi, respectively. These two probabil- 
ities are measured separately for ^ = e and £ = fj,. Using 
ri and fg, linear expressions are obtained for the observed 
yields as a function of the number of events with zero, 
one and two real leptons together with two, one and zero 
fake leptons (A'ff, A^rf and A'fr, A^rr; in Nhf the real 
lepton has greater px than the fake lepton, and vice versa 
for A^fr): 



^ The leptons are ordered by pT such that the leading lepton in 
Af-pL is tight and the leading lepton in A^lt is loose. 







"a^rr" 




= M 


^RF 


Nlt 




A^FR 


A^LL 




.^FF. 



(2) 



where M is a 4 x 4 matrix containing terms proportional 
to ri and fg. The matrix is inverted in order to extract 
the real and fake content of the observed dilepton event 
sample. The method explicitly accounts for the presence 
of events with two fake leptons. 

The probability (r^) for a real loose lepton to pass 
the tight criteria is measured in Z ^ ££ events in data 
with a tag-and-probe method. The probability for a fake 
loose electron to satisfy the tight requirements (/e) is 
measured by requiring exactly one loose electron in an 
event with Sf?'"" < 10 GeV. The probability for a fake 
loose muon to satisfy the tight requirements (/^) is mea- 
sured in a control region obtained by requiring exactly 
one loose muon with |A0(^, i?™"^**)! < 0.5. The basehne 
selection requirements from Section IV are not applied 
when checking these control regions. 

VI. MASS RECONSTRUCTION 

After the baseline selection has been applied, mass re- 
construction of heavy quark candidates is performed in 
order to discriminate the heavy-quark decays from the 
dominant tt background. Direct reconstruction is not 
possible, as two neutrinos escape the detector. However, 
a unique feature of the heavy quark is the large momen- 
tum of the daughter W boson, which makes its decay 
products approximately collinear in the detector as seen 
in Figure 3. 

Both neutrino momentum vectors are reconstructed 
by assuming that the neutrinos are the sole contribu- 
tors to i?™"^*^ and that they are approximately collinear 
with the leptons. The optimal values of each \Ari{i',£)\ 
and each | A0(j/, £)\ are fit by minimizing the mass differ- 
ence between the two reconstructed heavy quarks using 
MINUIT [35] . The fitted direction of each neutrino is con- 
strained to be within AR < 2.5 of the direction taken by 
the neutrino's leptonic partner from the W boson decay, 
and all jet combinations are considered during each step 
of the mass difference minimization. A solution of the 
minimization procedure is penalized if the scalar sum of 
neutrino momenta exceeds the scalar sum of lepton mo- 
menta by at least 30%. The square of the difference be- 
tween each reconstructed W boson mass and 80.4 GeV is 
added to the square of the heavy-quark mass difference 
in the minimized function; the preferred solutions pro- 
duce W bosons with reconstructed masses that are close 
to the W boson mass. 

The two reconstructed mass values tend to be more 
correlated for signal than background, as shown in Fig- 
ure 4. This is because the collinear approximation does 
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not work well for single-top, diboson, Drell-Yan, and fake 
lepton events. An event is only kept if the two values of 
reconstructed mass are within 25 GeV of each other. 

The final reconstructed mass (?Ticonincai) is taken to 
be the average of the two reconstructed masses in the 
event. Distributions of m-coiiincar for various simulated 
QQ samples and the tt background are shown in Figure 5. 
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FIG. 3. True px of parent W boson versus true Ai? between 
its daughter lepton and neutrino. The scale, shown on the 
right, indicates the number of generated MC events. 
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FIG. 4. Correlation between reconstructed masses 

for QQ pairs produced with mq — 350 GeV and for 
background samples. The fitting method selects solu- 
tions with correlated mass values, however this correla- 
tion is smaller for background events. Events within 
|mcoiiincari — mcoUinoara I < 25 GcV are kept; this region is 
found between the two lines in the figure. 



The expected background yields and number of ob- 
served events after the baseline selection are given in Ta- 
ble IL Distributions of ffx a-nd mcoiiinoar a-re shown in 
Figure 6. 
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FIG. 5. mcoUincar for simulated heavy-quark pairs produced 
with masses of 350 GeV, 400 GeV and 450 GeV and for top 
quark pairs. Each histogram is normalized to unit area. The 
distributions have long tails that are produced by wrong jet 
assignment in events where at least one of the correct jets fails 
selection requirements. 
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FIG. 6. Expected and observed distributions of (a) Ht and 
(b) mcoiiincar for the sum of ee, fifi and efi channels after 
the baseline selection. The last bin contains overfiow events. 
Samples are stacked in the same order as they are presented 
in the legend, from left to right; the first entry in the legend 
is at the bottom of the stack. The signal has been amplified 
to 20 times the expected rate. 
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TABLE II. Expected and observed number of events after 
baseline selection. Uncertainties shown are statistical and 
systematic, added in quadrature. 
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VII. BACKGROUND VALIDATION 

Event samples with the baseline selection and low iJx, 
low lepton pt, low jet or low E!f^^^ are examined 
to validate the modeling of the background (Figure 7). 
These conditions cause the distributions to be depleted 
of signal. In each case, the data is described well by the 
background model, within uncertainties. 



VIII. FINAL EVENT SELECTION 

The baseline selection provides excellent discrimina- 
tion against Z/^* production and other backgrounds, 
but additional selection requirements are necessary 
to suppress the dominant tt background. A tri- 
angular selection in Ht + E^^^^ versus mcoiiincar, 
Ht + i?™''''' > X - 0.4 X TOcoiiincar with X dependent 
on the assumed signal mass, is applied. Mass-dependent 
requirements on E!f^^^ and leading jet px are imposed 
as well. These selection requirements are optimized in 
MC simulation by seeking a point of maximum signif- 
icance, S/^/ S -\- B, while simultaneously varying all of 
the selection requirement parameters. Distributions of 
Ht + E^^^^ versus mcoiiinoar for background and signal 
are shown in Figure 8. Tables III and IV list the full set 
of optimized selection requirements at each mass point. 
Table V lists the expected backgrounds, expected signal 
and observed data for each mass point after this final se- 
lection. Figure 9 shows the distributions in mcoiUnoar for 
two signal samples after the final selection. 



IX. SYSTEMATIC UNCERTAINTIES 

The major sources of systematic uncertainty are due to 
modeling of the signal and most sources of background. 
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FIG. 7. Distributions of mcoiiincar in events that have (a) 
Ht< 400 GeV, (b) two leptons withpT < 60 GeV, (c) aU jets 
with pT < 60 GeV or (d) Bt'"" < 80 GeV. Each histogram 
contains the sum of the ee, nfj, and e/i channels. The last bin 
contains overflow events. Samples are stacked in the same 
order as they are presented in the legend, from left to right; 
the first entry in the legend is at the bottom of the stack. 
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FIG. 8. Ht + E^'^^ versus mcoiunoar for (a) background and 
(b) rriQ = 350 GeV signal events for the sum of ee, /i/i, and efi 
channels. The scale, shown on the right, indicates the number 
of reconstructed MC events per bin passing the baseline selec- 
tion and weig hted to / Cdt = 1.04 fb-^ The shaded region 
is removed by the triangular selection requirement shown in 
Table III. 



TABLE IV. List of jet pt and 
mg. 



requirements for each 



50 


niQ (GeV) 


Jet PT (GeV) 


(GeV) 




300 


Leading jet pt > 80 




40 


350 


Leading jet pt > 120 




30 


400 


Leading jet pT > 130 


E^''"' > 70 




450 


Leading jet pt > 130 


> 70 


20 


500 


Leading jet pt > 130 


> 70 



> 



> 
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^tt I |mQ ^ 350 GeV 

BG Uncertainty • Data . 7 TeV) 

all channels 
350 GeV signal selection 
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TABLE III. List of Hi 
for each ttiq. 



versus mcoUincar requirements 



ruQ (GeV) 


Triangle Requirement (GeV) 


300 




ss 


> 610 


— 0.4 X mcollincar 


350 




ss 


> 700 


- 0.4 X mcollinoar 


400 


Ut ~\~ E^ 




> 790 


— 0.4 X mcollinoar 


450 


Ht ~h Et^ 




> 880 


— 0.4 X mcollinoar 
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ss 


> 970 


- 0.4 X mcollincar 



FIG. 9. Distributions of mcoiiinoar for the sum of ee, Hfx, 
and efi channels after applying the final selection for (a) 
mq = 350 GeV and (b) mq = 400 GeV. The last bin con- 
tains overflow events. The uncertainty bands include all sta- 
tistical and systematic background uncertainties. The signal 
samples are normalized using the cross-sections in Table I. 
Samples are stacked in the same order as they are presented 
in the legend, from left to right; the first entry in the legend 
is at the bottom of the stack. 



The uncertainties due to simulation of the lepton trig- 
ger, reconstruction and selection efficiencies are assessed 
using leptons from Z ^ ee and Z — >■ /x/x in data [33]. 
MC events are corrected for differences in data and sim- 
ulation. The statistical and systematic uncertainties in 



these corrections are included in the uncertainties on the 
acceptance values. Uncertainties in the modeling of the 
lepton energy scale and resolution are studied using re- 
constructed Z boson mass distributions. The jet energy 
scale (JES) and its uncertainty are derived by combining 
information from test-beam data, LHC collision data and 
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TABLE V. Expected background, expected signal and ob- 
served data in ee, fi^, and efi channels for mg — 300 — 500 
GeV after final selection. The uncertainties shown include 
both statistical and systematic contributions. 

mg Expected Expected Observed 
(GeV) Background Signal Data 



TABLE VL Overall normalization uncertainties for each back- 
ground, which are either due to cross-section uncertainties or 
uncertainties related to data-driven methods. 



Background +1(J Unc. —la Una. 



tt 


7 


% 


10 


% 


single-top 


7 


% 


7 


% 


Z/'y* — >• ee 


60 


% 


30 


% 




40 


% 


30 


% 


Z/'y* — > TT 


40 


% 


40 


% 


WW, wz, zz 


5 


% 


5 


% 


fake leptons 


50 


% 


50 


% 



300 300 zti 

350 148 til 

400 75 

450 49 

500 30 l4 



95 lit 315 

35 1^ 180 

17.1 tli 89 

8.4 tli 57 

4.4 1°;^ 36 



simulation [30]. The JES uncertainty varies as a func- 
tion of jet pt and 77 and also accounts for the presence 
of nearby jets and event pileup. There is additional un- 
certainty associated with jets originating from b quarks 
in simulation. Smaller uncertainties are associated with 
the jet energy resolution and jet finding efficiency. 

Uncertainties related to the E!^^^^ arise due to uncer- 
tainties associated with low momenta jets, event pileup, 
and calorimeter energy not associated with reconstructed 
leptons or jets [31]. There is also some uncertainty in esti- 
mating the effect of a readout problem affecting a subset 
of the LAr calorimeter channels in a part of the data set. 

The use of simulated samples to calculate the signal 
and background acceptances gives rise to systematic un- 
certainties from the generator choice, the amount of ini- 
tial and final state radiation (ISR/FSR), and from the 
PDF choice. The uncertainty due to the choice of gener- 
ator for tt events is evaluated by comparing the predic- 
tions of MC@NLO with those of powheg [36] interfaced 
to either HERWIG or pythia. The uncertainty due to 
ISR/FSR is evaluated by studies using the AcerMC [37] 
generator interfaced to pythia, varying the parameters 
controlling ISR and FSR in a range consistent with exper- 
imental data [38]. For Z/7*-fjets events, the generator 
uncertainty is evaluated by comparing the predictions of 
ALPGEN with the PDF set CTEQ6.1 and SHERPA [39] 
with the PDF set CTEQ6.6. Finally, the uncertainty in 
the PDFs used to generate signal, tt and single-top events 
is evaluated using the procedure adopted in a measure- 
ment of the ti cross-section [33] . 

The integrated luminosity measurement carries a 3.7% 
uncertainty [13, 14]. Each sample also has an uncer- 
tainty associated with its theoretical cross-section or with 
its data-driven rate. For tt [17], single-top [25, 26] and 
Z/'y* — )■ TT [40] the rate uncertainty is estimated from 
theoretical calculations. Z/j* — >• ee, Z/^* fifi and 
fake lepton event rate uncertainties are evaluated with 
the data-driven fitting described in Section V. The cross- 
section uncertainty for each signal point comes from 
hathor NNLO calculations and can be found in Table L 
The background normalization uncertainties are listed in 



TABLE VIL The effects of the ila systematic uncertainties 
on the overall background yield. 



Source +1(7 Unc. —la Unc. 



Lepton trigger 


1 


% 


1 


% 


Lepton ID and reconstruction 


2 


% 


< 1 


% 


Jet reconstruction 


3 


% 


3 


% 


Jet energy resolution 


2 


% 


2 


% 


Jet energy scale 


13 


% 


11 


% 


fi momentum resolution 


2 


% 


2 


% 


fi momentum scale 


1 


% 


2 


% 


e energy resolution 


1 


% 


1 


% 


e energy scale 


< 1 


% 


< 1 


% 


e isolation pileup term 


1 


% 


1 


% 


e isolation px term 


< 1 


% 


< 1 


% 


St'''^ uncertainties 


1 


% 


< 1 


% 


LAr readout problem 


2 


% 


2 


% 


ISR/FSR: tt 


8 


% 


5 


% 


MC generator: ti 


1 


% 


< 1 


% 


MC fragmentation/model: ti 


1 


% 


1 


% 


Drell-Yan model 


7 


% 


7 


% 



Table VI. 

The effects of the systematic uncertainties on the over- 
all background yield are summarized in Table VII for the 
cuts used for toq = 350 GeV. 



X. RESULTS 

A binned maximum-likelihood ratio technique is used 
to fit distributions of mcoiuncar to the observed data in 
order to measure the most likely QQ production cross- 
section, a{pp -T> QQ). In the fitting technique, all events 
with TOcoiiinoar > 760 GeV are considered to belong in 
the same bin. The rates of background and signal events 
are fitted simultaneously. In addition, the signal and 
background shapes are smoothly deformed in generated 
samples of pseudo-data by random variations consistent 
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with the systematic uncertainties shown in Table VI and 
Table VII; these fluctuations are not constrained by the 
data. 

Statistical interpretation of the fitted cross-section a 
is made using the CLs technique [41, 42]. The observed 
data are in good agreement with the expected back- 
ground, and the fitted QQ cross-sections at each mass 
point are consistent with the absence of a heavy-quark 
signal. Figure 10 shows the observed and expected limits 
on the production cross-section (j{pp — >■ QQ). 

The upper limit on the production cross-section is 
converted into a lower limit on toq by finding the 
point of intersection with the theoretical prediction as 
a function of rnq. This analysis finds a lower limit of 
mg > 350 GeV at 95% confidence level (C.L.) whereas a 
limit of niQ > 335 GeV was expected. This limit assumes 
that the branching ratio (BR) of Q Wq is 100%. 




300 320 340 360 380 400 420 440 460 480 500 

niQ [GeV] 



FIG. 10. Observed and median expected 95% C.L. cross- 
section upper limits on QQ production, compared to the the- 
oretical prediction. The limit was calculated for five signal 
masses, and a linear interpolation has been made between 
mass points. 



XI. CONCLUSIONS 

This Article presents a search for pair production of 
heavy quarks decaying to Wq in the dilepton channel at 
the CERN LHC. This search allows q = u, d, c, s or b in 
the final state. The analyzed data correspond to an inte- 
grated luminosity of 1.04 fb~^ collected by the ATLAS 
detector in pp collisions at ^/s = 7 TeV. To enhance the 
sensitivity to a new quark, mass reconstruction is per- 



formed by exploiting the boost received by the heavy- 
quark decay products. The reconstructed mass is used 
for binned maximum-likelihood ratio fitting. 

The data are found to be in agreement with the ex- 
pectation from the Standard Model. A lower limit is 
set on the mass mg > 350 GeV at 95% confidence level. 
This limit assumes BK{Q — Wq) = 100% and is appli- 
cable to many exotic models [43, 44], including up- type 
fourth-generation quarks U4, down- type fourth genera- 
tion quarks d^, and quarks with exotic charges (such as 
—4/3) decaying to light quarks. 
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T. Kawamotol5^ G. Kawamura**i, M.S. Kayllo^ V.A. Kazanin^o'^, M.Y. Kazarinov^s, R. Kcclcri^^^ b. Kehoe^^, 
M. KeiP*, G.D. Kekelidze'^^ J. Kennedy3^ G.J. Kenney"^, M. Kenyon^^^ O. Kepka^^s^ ^ Kerschen^^, 

B. P. Kersevan^^, S. Kersten^^^, K. Kessokul5^ J. Keung^^s, M. Khakzad^^, F. Khalil-zada^o, H. Khandanyan^ss, 
A. Khanov"^ D. Kharchenko^s , A. Khodinov^^, A.G. Kholodcnkoi^s, A. Khoniich-"^*^^, T.J. Khoo^^, G. Khoriauli^o, 
A. Khoroshilov^^"^ n_ Khovanskiy^s , V. Khovanskiy^^^ E. Khramov^s, J. Khubua^^'^, H. Kim"6a,i46b^ jyj g^ ^^^^^2^ 
S.H. Kimieo, N. Kimura^^o, O. Kindl^ B.T. King^^ M. King^^, R.S.B. King"^ J. Kirk^^s, L.E. Kirsch^^, 

A.E. Kiryunin^s, T. Kishimoto^^, D. Kisielewska^"^, T. Kittelmann^^s, A.M. Kiver^^s, E. Kladiva""*^, 

J. Klaibcr-Lodcwigs42, M. Klcin^^^ Klcin^^^ Kleinknecht^i, M. Klcmetti^^^ A. Klieri^i, P. Kliniek"6a,i46b^ 

A. Klimontov24, R. Klingcnbcrg42 , J.A. Klinger^^ E.B. Klinkby^s, T. Klioutchnikova^'' , P.P. Klok^^^, S. Klousl°^ 

E.-E. Kluge5«^ T. Kluge^^^ P. Kluitl°^ S. Kluth^^, N.S. Knecht^^s^ E. Kneringer^^, J. Knobloch^^, 

E.B.F.G. Knoops83, A. Knue^^, B.R. Ko^^, T. Kobayashii^s, M. Kobel''^, M. Kocian"^, P. Kodys^^e, K. Koneke^^, 

A.G. Konigio-*, s. Koenig^i, L. Kopke^\ F. Koctsveldi^^, P. Koevesarki^o , T. Koffas^^, E. Koffcmanios, 

L.A. Kogan"8, F. Kohn^^, Z. Kohout^^?^ Kohriki^e, T. Koi"^, T. Kokott^o, G.M. Kolachevi°^ H. Kolanoskii^, 

V. Kolesnikov6^ I. Koletsou^^*^, J. KolF, M. Kollefrath4^ S.D. Kolya*^^ A.A. Komar^^, Y. Komorii^s, T. Kondo«^^ 

T. Kono^i'P, A.I. Kononov^s, R. Konoplichio^^"?, N. Konstantinidis^^ A. Kootz"^^ Kopcrny^^, K. KorcyF, 

K. Kordasi^"^, V. Koreshev^^s, A. Korn"^, A. Korol^o^, I. Korolkov", E.V. Korolkova"9, V.A. Korotkoyi^s, 

O. Kortner^s, S. Kortner^^^ V.V. Kostyukhin^o, M.J. Kotamaki^", S. Kotov^^, V.M. Kotov6^ A. Kotwal"-*, 

G. Kourkoumclis^, V. Kouskoura^^'', A. Koutsman^^^'*, R. Kowalewski^^^, T.Z. Kowalski^'^, W. Kozanecki^^^, 
A.S. Kozhin^^*, V. Kral^^^, V.A. Kramarenko^'', G. Kramberger , M.W. Krasny''^, A. Krasznahorkay-^°^, 

J. Kraus*^, J.K. Kraus^", A. Kreisel"^^*^, F. Krejci^^'', J. Kretzschmar''^, N. Krieger^"*, P. Krieger^^®, K. Krocninger^"', 

H. Kroha9^ J. Kroll^^o^ j_ Kroseberg^o, J. Krstic^^a^ Kruchonak^s, H. Kriiger^o, T. Krukerl^ N. Krumnack6^ 
Z.V. Krumshteyn^s, A. Kruth^o, T. Kubota^^, S. Kuday^'^, S. Kuehn^^^ A. Kugel^^^ T. Kuhl^S D. Kuhn^^, 

V. Kukhtin^s, Y. KulchitskySO, S. Kulcshov^i^, C. Kummer^^^ M. Kuna^^ N. Kundu"^, J. Kunkle^^o, A. Kupco^^s, 
H. Kurashige^^ M. Kuratai'^o, Y.A. Kurochkin^o, V. Kus^^s, E.S. Kuwertz"^ M. Kuze^^^, j. Kvita"^, R. Kwee^^, 
A. La Rosa^s^ L. La Rotonda^^^^'^eb, l. Labarga^o, J. Labbe^, S. Lablak^^Sa^ c. Lacasta^^^^, F. Lacavai32a,i32b^ 
H. Lackcris, D. Lacour^^ V.R. Lacucstaif^^, E. Ladygin^^, R. Lafaye^, B. Laforge^'^, T. Lagouri^", S. Lai^s, 
E. Laisne^^ M. Lamanna^^, G.L. Lampen^ W. Lampl^ E. Lanconi^e, u. Landgraf*^, M.P.J. Landon^^^ J.L. Lane^^^ 

G. Lange^S A.J. Lankford^^^^ F. Lanni^^, K. Lantzsch^^^, S. Laplace^^ G. Lapoire^o, J.F. Laporte^^s, T. LariS"*, 
A.V. Larionov A. Larner-^^^, G. Lasseur^^, M. Lassnig^^, P. Laurelli^'^, V. Lavorini'^^'^'^^b, W. Lavrijsen^^, 

P. Laycock^^^ A.B. LazarevS^ O. Le Dortz'^*, E. Le GuiiTicc«-\ G. Lc Manori-"^^ E. Le Mencdeu^, G. Lebel^^, 

T. LeGompte'\ F. Lcdroit-GuilW'\ H. Lee^°^, J.S.H. Lcc"^ S.G. Lcc^^^, L. Leel^^ M. Lcfcbvrei*^^, 

M. Legendre"6, A. Leger^^, B.G. LeGeyt^^o^ p Legger^^, G. Leggett", M. Lehmacher^o, G. Lehmann Miotto^^, 

X. Lei^ M.A.L. Leite^^^d^ b. Leitner^^e, D. Lellouchi^i, M. Leltchouk^^, B. Lemmer^^, V. Lendermann^s^^, 

K.J.G. Lcncyi45b^ x. Lenz^os, G. Lenzen^^^^ B. Lenzi^^, K. Leonhardt^^^ S. Leontsinis^, G. Leroy^^^ J-R. Lessardi69, 

J. Lesseri'^^a^ q q Lester^^, A. Leung Fook Gheong^'^^^ j Leveque'', D. Levins'^, L.J. Levinsoni^\ M.S. Levitski^^s, 

A. Lewisll^ G.H. Lewisl°^ A.M. Leyko^", M. Leyton^s, B. Li^^^ H. Li"2,r^ g_ Li32b,s^ x. Li^^, Z. Liang"^,*, 

H. Liao33, B. Libertii33a^ p. Lichard^^, M. Lichtnecker9^ K. Lic^^'^ W. Licbigl^ R. Lifshitz^^^ J.N. Lilley^'', 
G. Limbach^o, A. Limosani^^ M. Limper^^, S.G. Lini^i.", F. Linde"'^ J.T. Linnemann^s, E. Lipeles^^o^ 

L. Lipinskyi25, A. Lipniacka^^, T.M. Liss^^s, D. Lissauer^^, A. Listeria, A.M. Litke^^^, G. Liu^^, D. Liu^^S H. Liu^^ 
J.B. Liu^^ M. Liu32b, Y. Liu32b, M. Livan"^^'"^'^, S.S.A. Liver^lorc"^ A. Lleres5^ J. Llorente Merino^o, 
S.L. Lloyd^^ E. Lobodzinska"*!, P. Loch^, W.S. Lockman^^^, T. Loddenkoetter^o , F.K. Loebinger^^^ A. Loginovl^^ 
G.W. Lohi68, T. Lohsel^ K. Lohwasser4^ M. Lokajicek^^s, j. Loken V.P. Lombardo*, R.E. Long^S 
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L. Lopcsi24a^ Lopez Mateos^^, J. Lorenz^^, N. Lorenzo Martinez"^, M. Losada^'^^, P. Loscutoffi", 
F. Lo Stcrzoi32a,i32b^ ]yj J Lostyi^Sa^ X. Lou^o, A. Lounis"^ K.F. Loureiroi^s^ J. Lovc^i, P.A. Love^i, 

A. J. Lowc"3''S F. Lu-^2a^ jj J Lubatti^s, C. Lucii32a,i32b^ ^ Lucottc''^^ A. Ludwig^^, D. Ludwig^i, I. Ludwig^^, 
J. Ludwig^s, F. Luehring6i, G. Luijckxi°5, D. Lumb^^, L. Luminarii^sa^ e. Lund"^ B. Lund-Jensen"7, 

B. Lundberg^^^ J. Lundberg^^a.MSb^ j Lundquist^^, M. Lungwitz^i, G. Lutz^^, D. Lynn^^, J. Lys", E. Lytken^^, 
H. Ma24, L.L. Mai^2^ J.A. Macana Goia^^, G. Maccarrone^^ A. Macchiolo*^^ B. Macek^^^ J. Machado Miguensi24a^ 
R. Mackeprang35, R.J. Madaras^"^, W.F. Mader^^^ ^ Maenner^s^, T. Maeno^^, p. Mattig^^", S. Mattig^\ 

L. Magnoni29, E. Magradze^^, Y. Mahalalel^^^^ K. Mahboubi^^ G. Mahout^^, C. Maianii32a,i32b^ 

C. Maidantchik23a, A. Maioi24a,b^ s. Majewski^^, Y. Makida^^, N. Makovec"-\ P. Mal^^e^ B. Malacscu^^, 
Pa. Malecki^s, P. Malecki^s, V.P. Maleev^^i, F. Malek^s, U. Mallik^^ D. Malon^, C. Malone"^, S. Maltczos^ 
V. Malyshev^o^, S. Malyukov^^, R. Mameghani^s, J. Mamuzic^^b^ a. Manabe^^^, L. Mandelli^^'*, I. Mandic^^^ 

R. Mandrysch^'^, J. Mancirai24a^ p g_ Mangeard^^, L. Manhaes de Andrade Filho^^^^, J.D. Manjavidzo^■^ A. Mann^^, 
P.M. Manning"7^ A. Manousakis-Katsikakis*, B. Mansoulie^^e^ A. Manz^^^ ^ MapoUi^^^, L. Mapclli^^, L. March 
J.F. Marchand^s, F. Marchcsci33a,i33b^ q Marchiori^*, M. Marcisovskyi^s, A. Marin^i'*, CP. Marino^^s, 

F. Marroquim23a, R. Marshall^^^ Z. MarshalP^, F.K. Martens^^^, S. Marti-Garcia^s^, A.J. Martinl^^ B. Martin^^, 
B. Martin^^, F.F. Martini^o, J.R Martin''^ Ph. Martin5^ T.A. Martini'^, V.J. Martin*^ B. Martin dit Latour^^^ 
S. Martin-Haugh^''^, M. Martinez", V. Martinez Outschoorn'", A.C. Martyniuk^'^^, M. Marx*^ F. Marzano^^^a^ 

A. Marzin"\ L. Masetti8\ T. Mashimol5^ R. Mashinistov^'', J. Masik^^, A.L. Maslennikov^o^ I. Massa^^'^'^^'", 

G. Massaro^°^, N. Massol^, P. Mastrandrea^^2a,i32b^ ^ Mastroberardino^^^'^'^'', T. Masubuchi^^^, P. Matricon"^, 

H. Matsumotoi-"^^, H. Matsunaga^'"'-'^, T. Matsushita*^^, C. Mattravers"^''^, J.M. Maugain^^, J. Maurcr^^^ 
S.J. Maxfield^3^ £, a. Maximoyi"^'^, E.N. May^ A. Mayne^^a, R. Mazinii^i, M. Mazur^o, M. Mazzanti^^*, 
S.P. Mc Kee*'^, A. McCarni^s, R.L. McCarthy's, T.G. McCarthy^^, N.A. McCubbini^s, K.W. McFarlane5^ 
J.A. Mcfaydeni39, H. McGlonc^^^ G. MchcdHdzc^ii^, R.A. McLarcn^^ T. Mclaughlan", S.J. McMahon^^s, 
R.A. McPhersonissj, A. Meade*'', J. Mcchnichlo^ M. Mcchtoli', M. Mcdinnis^'i, R. Mccra-Lcbbai"i, 

T. Mcguro"'^, R. Mehdiyev^^^ Mehlhasc^^, A. Mchta'^^^ K. Meier^s^, B. Mcirosc'^^ C. Melachrinos^o, 

B. R. Mellado Garcia^''^, L. Mendoza Nayas^^"^, Z. Meng^^i.r^ Mengarelhi^'^'i^'^, S. Menke^^ C. Menot^^, 
E. Meoni", K.M. Mercurio", P. Mer^lod''^ L. Merolai°2a,i02b^ q MeroniS^^, F.S. Merritt^o, H. Merrittl°^ 
A. Messina^s, J. Mctcalfci"^, A.S. Mete^^", C. Meyer^i, C. Meycr^", J-P. Meyeri^e, j. Meyer^^^, J. Meyer'^*, 
T.G. Meyer^s, W.T. Meyer64, J. Miao^^d, S. MichaP^, L. Micu^^*^, R.P. Middleton^^s, S. Migas^^^ L. Mijovic^i, 

G. Mikenbergi^i, M. Mikestikova^^s^ ^ Mikuz^^, D.W. Miller^o, R.J. Miller^^, W.J. Millsi^^s^ q Mills", 

A. Miloyi^i, D.A. Milstcad"<^'^'"<^'', D. Milstcini^i, A.A. Minaenko^^s, M. Mifiano Moya^^^^ LA. Minashvih6^ 

A.L Mincer^os, b. Mindur^^, M. Mineev^^, Y. Ming^^^^ L.M. Mir", G. Mirabeni"2a, l. Miralles Verge", 

A. Misiejuk^s^ j Mitrevski^^^, G.Y. Mitrofanoyi^s, y.A. Mitsou^^^, S. Mitsui^^, P.S. Miyagawa^^^, K. Miyazaki^^, 

J.U. Mjornmark™, T. Moa"Sa,i46b^ p Mockctt^^s, S. Moed", V. Moeller^^, K. Monig^i, N. Moser^o, 

S. Mohapatra"^ W. Mohr^*, S. Mohrdicck-Mock^^, A.M. Moissccyi^s,*, R. Moles- Valls^s^, j. Molina-Perez^^, 

J. Monk^^, E. Monnier^^^ S. Montesano*^'*'*^'" , F. MonticcUi^", S. Monzanii^^'i^*^, R.W. Moore^, G.F. Moorhead**^^ 

C. Mora Herrera''^ A. Moraes^^^ N. Morange^^e^ j_ Morel5^ G. Morello^e^'^eb, d. Moreno^S M. Moreno Llaceri'^^ 
P. Morettini^o*, M. Morgenstern''^ , M. Morii^'^, J. Morin'^^, A.K. Morley^^, G. Mornacchi^^, S.V. Morozoy'^'', 

J.D. Morris^^ L. Moryaj^°i, H.G. Moser^^, M. Mosidze^i*", J. Moss^o^, R. Mount^''^, E. Mountricha^, 

S.V. Mourayiev^'', E.J.W. Moyse**, M. Mudrinici^b, p. MuellerSS*^, J. Muelleri^s, K. Mueller^o, T.A. Miiller^*, 

T. Mueller^S D. Muenstermann^^, A. Muir^^s, Y. Munwes^^^^ W.J. Murray^^s, L Mussche^o^^ E. Mustoi°2a,i02b^ 

A.G. Myagkoyi28, J. Nadal", K. Nagai^^o, K. Naganof'^ A. Nagarkar^™, Y. Nagasaka^", M. Nagcl9^ A.M. Nairz^^, 

Y. Nakahama^s, K. Nakamura^^^, T. Nakamurai^^, L Nakano"°, G. Nanaya^o, A. Napier^'^i, R. Narayan^^^, 

M. Nash^^'^ N.R. National, T. Nattermann^", T. Naumann^S G. Nayarro^^^^ H.A. Neal^^ E. Nebot^°, 

P.Yu. Nechaeya^"^ ^ j ^cep^^^ A. Negri"*'^'"^'', G. Ncgri^^, S. Ncktarijeyic^s, A. Nelsoni^s, S. Nelson^^^^ 

T.K. Nelson"^, s. Nemecek^^s^ p Nemethyl°^ A.A. Nepomuceno^^a, M. Nessi^^'", M.S. Neubaueri^^, 

A. Neusiedl*\ R.M. Ncvcsi°^ P. Neyski^^, RR. Newman^'^, V. Nguyen Thi Hong^^e, r.b. Nickerson"^ 

R. Nicolaidou^^e^ l_ Nicolas^^g^ B_ Nicqueyert^^, F. Niedercorn"^, J. Nielsen^^^, t. Niinikoski^^, N. Nikiforou^"*, 

A. Nikiforoyis, V. Nikolaenko^^s, K. Nikolaey^^^^ I. Nikolic- Audit ''S, K. Nikohcs^^^ K. Nikolopoulos^^, H. Nilsen4^ 

P. Nilsson"^, Y. Ninomiya A. Nisatii32a^ x. Nishiyama^^ , R. Nisius*^", L. Nodulman^, M. Nomachi"^, 

I. Nomidisi54^ Nordberg^^, B. Nordkyist"6a,i46b^ p j^^ Norton^^s, J. Novakoya^^e^ Nozaki^e, L. Nozka"^ 
I.M. Nugent^^^'', A.-E. Nuncio-Quiroz^o, G. Nunes Hanninger^e, T. Nunnemann''^, E. Nurse'^'', B.J. O'Brien*^, 
S.W. O'Nealei^^*, D.C. 0'Neili42, y. 0'Shea''^^ L.B. Oakes^*, E.G. Oakham^s.'^, H. Obcrlack^^, J. Ocariz^*, 

A. Ochi67, S. Odal5^ S. Odaka^e, J. Qdier^^, H. OgrenSi, q^82^ g jj_ qi^44^ C.C. Ohm"6a,i46b^ x. Ohshimai°\ 

H. Ohshita"°, T. Ohsugi^^^ S. Okada'^^ H. Okawai^^^, Y. Okumura^oS T. Okuyamal5^ A. Olariu^^a, M. Olcese^o^, 
A.G. 01cheyski6^ S.A. Oliyares Pino^^'^, M. Oliyeirai^*^,'*^ p. Qliyeira Damazio^", E. Oliyer Garcia^^^, 

D. Oliyito^^o, A. Olszewski^*, J. Olszowska^^, C. Omachie^, A. Onofrei24a,», p.u.E. Onyisi^", G.J. Orami^Sa^ 
M.J. Oreglia^o, Y. Oren^^^^ D. Orestanoi34a,i34b^ j Orlov^^^, C. Oropeza Barrera^^^ R.S. Orr^^s, B. OsculatiSO'^'SOb^ 
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R. Ospanovi20^ C. Osuna", G. Otero y Garzon^e, J.P Ottcrsbachl"^ M. Ouchrifi^sd^ e.A. Ouellettei*^^, 

F. Ould-Saada"^ A. Ouraoui^e^ Q. Ouyang32a^ ^ Qvcharovai^, M. Owcn*2, S. Oweni^s, V.E. OzcaniSa^ 

N. Ozturk^ A. Pachoco Pages", C. Padilla Aranda", S. Pagan Griso", E. Pagamsl3^ F. Paige^^, P. Pais^'', 

K. Pajchel"^ G. Palacinoi^sb, G.P. Paleari^, S. Palestini^^, D. Pallin^s, A. Palma^^^a^ j.d. Palmeri^ Y.B. Pan^^^ 

E. Panagiotopoulou^, B. Panes^^'^, N. Panikashvili*'^, S. Panitkin^^'*, D. Pantea^^^, M. Panuskova^^s^ y_ Paolone^^s^ 

A. Papadelis"*5a^ tIi.D. Papadopoulou^ A. Paramonov^ , W. Park^^'^, M.A. Parker^'^, F. Parodi^°'''5°'', 

J.A. Parsons34, U. Parzefall-*^, E. Pasqualuccii32a^ Passaggio^O'^, A. Passerii34a^ f. Pastorei34a,i34b^ Pastore^^, 

G. Pasztor ^^'^ , S. Pataraia^^^, N. Patel^^o, J.R. Pater^^^ S. Patricelli^o^^'io^b^ rj. pauiy29^ ^ Pecsyi'*'^% 

M.I. Pedraza Morales^'^^, S.V. Peleganchukio"^, H. Peng^^b^ Pengo^^, B. Pcnning^^, A. Penson^"*, J. Penwell^\ 
M. Perantoni23a, K. Perez^^.^, T. Perez Cavalcanti'^\ E. Perez Godina", M.T. Perez Garcfa-Estan^'^^, 
V. Perez Reale^^, L. Perini^^^'Sgb jj Pernegger^^, R. Perrino'^^a^ p Perrodo'', S. Persembe^^, A. Perus"^ 
V.D. Peshekhonov6^ K. Pctcrs^^, B.A. Petersen^^, J. Petersen^^, T.G. Petersen's, E. Petit'', A. Pctridisi'"54^ 
C. PetridouiS"*, E. Petroloi'^^a^ p Pctrucci"4a,i34b^ Petschull^i, M. Pcttcnii^s^ R. Pezoa'i'^, A. Phan^^ 
P.W. Phillipsi29, G. Piacquadio29, E. Piccaro^^^ M. Piccininii^^'i^'', S.M. Picc^i, R. Piegaia^^, D.T. Pignottii"^, 
J.E. Pilcher'o, A.D. Pilkington^^ J. Pma^^'^^'\ M. Pinamonti^64a,i64c^ ^ Pinder"^, J.L. Pinfold^, J. Ping32c, 

B. Pintoi24a^ o. Pirotte^Q, C. Pizio^^'^'S^b, R. Placakyte'*\ M. Plamondoni^a, M.-A. Pleier^^, A.V. Pleskachi^s, 

A. Poblagucv24, S. Poddar^^a^ p^ Podlyski'^, L. Poggioli"^ T. Poghosyan^o, M. Pohl^^, F. Polci5^ G. Polesello"'^'*, 
A. Policicchio^'*, A. Polini^^'^. J. Poll^'\ V. Polychronakos^^ , D.M. Pomaredel'^ D. Pomeroy^^ K. Pommes^^, 
L. Pontecorvo^'2*, B.G. Popc^^ G.A. Popcneciu^s^, D.S. Popovic^^a^ ^ Poppleton^^, X. Portell Bueso^'', 

C. Posch^i, G.E. PospcW^s, S. Pospisili^^^ I.N. Potrap9^ G.J. Pottcr^s, G.T. Potter"^ G. Poulard^^, 

J. Poveda^'^^^ V. Pozdnyakov^^ , R. Prabhu"^^, P. Pralavorio^'^ Pranko", S. Prasad", R. Pravahan'^, S. Prell^^, 
K. Pretzl^^, L. PribyP^, D. Price^ \ J. Price'^3, L.E. Price^ M.J. Pricc^^, D. Prieur^^s^ Primavera'^^^, 
K. Prokofiev^"*, F. Prokoshin'^'^, S. Protopopcscu^"*, J. Proudfoof"^, X. Prudcnf*', M. Przybycien^'^, 

H. Przysiezniak'', S. Psoroulas^o, E. Ptacck""^ e. Pueschcl*^, J. PurdhamS"^, M. Purohit^^^^, P. Puzo"^ 

Y. Pylypchcnko63, J. Qian^"^, Z. Qian*', Z. Qin^i, A. Quadt'"^*^ p, Quarrici^, W.B. Quayle^^^^ F. Quinonez'"'^, 
M. Raaslo^ V. Radescu^s^, B. Radics^o, P. Radloff"^ T. Radori^^^, F. Ragusa^^^'^^b, G. Rahal"^ A.M. Rahimiio^, 

D. Rahm^^, S. Rajagopalan^^, M. Rammensee'*^, M. Rammes^^^, A.S. Randle-Conde'^, K. Randrianarivony^*, 
P.N. Ratoffi, F. Rauschor<^«, T.G. Ravels, M. Raymond^^, A.L. Read"^ D.M. Rebuzzi"^'^'"^'', A. Redelbachi^'^ 
G. Redlinger24, R. Reece^^^, K. Reeves'"^, A. Reicholdl°^ E. Reinherz-Aronisi^'^ A. Reinsch"'*, I. Reisinger^^^ 

C. Rembser^s, Z.L. Ren^^i, A. Renaud"^ P. Renkel3^ M. Rescignoi32a^ g Resconi^^'*, B. Resende^^e^ 

P. Reznicek^^ R. Rezvani^^s, A. Richards^"^, R. Richtcr''^, E. Richtcr-Was''''^'^, M. RidcF^ M. Rijpstrai°5^ 

M. Rijssenbeek"8, A. Rimoldi"^^'"''^, L. Rinaldi^^^, R.R. Rios'^, I. Riu", G. Rivoltella^^a.sgb^ p_ Rizatdmova"^ 

E. Rizvi'^^, S.H. Robertson^^'-'', A. Robichaud-Vcronneau"^, D. Robinson^'^, J.E.M. Robinson"^^, M. Robinson""^ 

A. Robson^a, J.G. Rocha de Uma^^^, G. Rodai22a,i22b^ p, j^qJ^^ gantos^^, D. Rodriguezi62, A. Roe^^, S. Roe^^, 

O. R0hne"^ V. Rojoi, S. Rollii*^!^ a. Romaniouk^^ M. Romanoi^^'i^*^, V.M. Romanov^s, G. Romeo^^, 

E. Romero Adani^^^^ L. Roos^^, E. Ros^^^^ g. j.osatii32aa32b^ ^ Rosbach^", A. Rosc^a, M. Rose™, 

G.A. Rosenbaumis^, E.I. Rosenberg^"^ p L_ Rosendahli', Q. Rosenthali^\ L. Rosselef*^, V. Rossetti", 

E. Rossii32a,i32b^ p.P. Rossi^o^, M. Rotaru^sa, I. Roth^i, J. Rothberg^'s, D. Rousseau"^, G.R. Royoni'^, 

A. Rozanov«3^ Y. Rozen^^s, X. Ruan32a,'i6, I. Rubinskiy^i, B. Ruckert9^ N. Ruckstuhlio^^ V.I. Rud^^ 

G. Rudolph43, G. Rudolph62, p RuIu-^, F. Ruggierii34a,i34b^ Ruiz-Martinez6^ V. Rumiantsev^i '* , 
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